Groundwater storage, drainage and interbasin water exchange are common hydrological 23
processes, but often difficult to quantify due to a lack of local observations. We present a 24 study of three volcanic mountainous watersheds located in south-central Chile (~36.9° S) in 25 the Chillán volcanic complex (Chillán, Renegado and Diguillín river basins). These are 26 neighboring basins that are similar with respect to the metrics normally available for 27 characterization everywhere (e.g., precipitation, temperature and land cover). In a 28 hydrological sense, similar (proportional) behavior would be expected if these catchments 29 would be characterized with this general information. However, these watersheds show 30 dissimilar behavior when analyzed in detail. The surface water balance does not fit for any 31 of these watersheds individually; however, the water balance of the whole system can be 32 explained by likely interbasin water exchanges. The Renegado River basin has an average 33 annual runoff per unit of area on the order of 60 to 65% less than those of the Diguillín and 34
Chillán rivers, which is contradictory to the hydrological similarity among the basins. To 35 understand the main processes that control streamflow generation, two analyses were 36 performed: i) basin metrics (land cover, geologic, topographic and climatological maps) 37 and hydro-meteorological data analyses and ii) a water balance model approach. The 38 analyses contribute to a plausible explanation for the hydrogeological processes in the 39 system. The soils, topography and geology of the Chillán-Renegado-Diguillín system favor 40 the infiltration and groundwater movements from the Renegado River basin, mainly to the 41 neighboring Diguillín basin. The interbasin water exchanges affect hydrological similarity 42 and explain the differences observed in the hydrological processes of these three apparently 43 similar volcanic basins. The results highlight the complexity of hydrological processes in 44 volcanic mountainous systems and suggest that a simple watershed classification approach 45 analysis with a review of the geology and morphology can contribute to a better 47 understanding of the hydrology of volcanic mountainous areas. 48
1.-Introduction 49
Mountainous watersheds are complex hydrological systems that contribute runoff to 50 lowland areas, provide a favorable temporal redistribution of winter precipitation to spring 51 and summer runoff, and reduce the variability of flows in the adjacent lowlands (Viviroli et 52 al., 2011) . This redistribution function of mountainous watersheds is critical for both the 53 ecosystem and the main economic activities in south-central Chile (e.g., hydropower, 54 agriculture, industrial activities and water supply). These activities are highly dependent on 55 water storage in snow, glaciers or groundwater, and therefore on the related water 56 availability during spring and summer (Meza et al., 2012) . 57
Despite the hydrological importance of mountainous watersheds in providing freshwater 58 resources (40% of the world population depends on mountainous regions for water supply, 59 Beniston, 2003) , little is known about key hydrological processes in these systems. 60
Processes such as mountain block recharge (Viviroli et al., 2007) , surface and groundwater 61 connections (Hughes, 2004) and interbasin groundwater transfer (Zanon et al., 2014) are 62 still rather poorly understood in most mountainous areas around the globe. The intrinsic 63 complexity of recharge processes and the fact that such processes are extremely difficult to 64 observe further contributes to this problem (Ajami et al., 2011; Hartmann et al., 2014) . 65 Genereux and Jordan (2006) discuss how documenting and quantifying the long-distance 66 (interbasin) subsurface movement of water between different groundwater systems and the 67 F o r P e e r R e v i e w influence of groundwater on surface water quantity and quality are of fundamental 68 significance in hydrogeology and hydrology. Such processes have not been sufficiently 69 studied in high-elevation basins (Cortés et al., 2011) and are often poorly understood in 70 places, mainly because they often remain hidden from our current measurement methods 71 (Wagener et al., 2007) and are often costly to quantify (Zanon et al., 2014) . In south-central 72
Chile, the Chillán-Renegado-Diguillín system (Figure 1 ) has been studied very little. A first 73 attempt was recently carried out by Arumí et al. (2014) , who used recession flow analysis 74 and stable isotope analysis to estimate groundwater storage trends in the upper part of the 75 Diguillín basin. They concluded that the Diguillín River is supported by two main groups 76 of springs, one at the headwaters, connected to a volcanic aquifer, and one downstream of 77 the junction with its main tributary (the Renegado River). Complementarily, Naranjo et al. 78 (2008) described that the Chillán volcanic complex presents several small thermal and cold 79 springs distributed along the perimeter of the volcanic complex, such as those described by 80 Arumí et al. (2014) . 81
Within this context, this paper goes further in analyzing and integrating different sources of 82 information to i) understand the groundwater connection and storage-runoff process and ii) 83 estimate the interbasin flow exchange between Andean basins in south-central Chile, taking 84 as a case study the system of the Chillán-Renegado-Diguillín river basins. In order to 85 achieve these goals, we used an approach based on i) a basin metrics (land cover, geologic, 86 topographic and climatological maps) and hydro-meteorological data analyses and ii) a 87 water balance model analysis. 88 F  o  r  P  e  e  r  R  e  v  i  e  w 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Applications) from NASA (Rienecker et al., 2011) with in situ and remotely-sensed 114 observational datasets for temperature, precipitation, and solar radiation (Ruane et al., 115 2015) . The AgMERRA datasets exhibited negative bias in precipitation (~30 to 50% less) 116 for the study area (Ruane et al., 2015) . To address this issue, they were amplified to achieve 117 the mean annual total estimated for the study area using the isohyets method and annual 118 precipitation isohyets published by DGA (1987) . River  134 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Chillán volcanic complex, which cover 84% of the total area of the system. The remaining 146 surface is covered by granodiorites and diorites. The Renegado River basin has the lowest 147 proportion of volcanic deposits coverage (75% of its total area) and the Diguillín River 148 basin has the highest (90% of its total area). In the upper third of the Renegado River basin, 149 at its southern edge, a granodiorite-diorite deposit (commonly an impermeable layer) is 150 found. Such deposits are also found at the headwaters of the Diguillín River. 151
Frontal systems produce most of the precipitation from deep stratiform clouds that develop 152 along warm and cold fronts, covering large areas (usually larger than the study area) 153 (Garreaud et al., 2009) . Additionally, winds and frontal systems move in a W-E direction. 154 Therefore, the spatial variability of precipitation within the study area (Figure 1.e According to the corrected AgMERRA datasets, the mean annual precipitation of the 159 system is around 2283 mm while the mean annual air temperature is 10.5 °C, ranging from 160 4.4 °C in the coldest month of winter (June) to 18.0 °C in the hottest month of summer 161 (January). The Chillán River basin shows the lowest annual precipitation (2207 mm against 162 2371 and 2308 mm for Renegado and Diguillín river basins, respectively) although 163 precipitation is practically the same across the system. Regarding the temperature 164 distribution, the Chillán, Renegado and Diguillín river basins present mean annual 165 temperatures of 10.2, 9.4 and 9.2 °C, respectively. 166
After an initial review of basin maps and metrics (Figure 1 ), the basins of the Chillán-167
Renegado-Diguillín system would typically be classified as similar and, therefore, in a 168 hydrological sense, it is reasonable to expect that they would "behave similarly" (Winter, 169 2001 ) and that main hydrological processes would be equivalent or proportional. To complement the previous analyses, an approach based on a water balance was used. 176
Each basin independently and the whole system of three basins were analyzed in order to 177 estimate how much water is "gained" or "lost" by each basin. Considering that the 178 modeling approach seeks to identify potential interbasin groundwater flows and that the 179 study area, like most of the Andes, is a data-sparse area (Viviroli et al., 2011) , the lumped 180 water balance model presented in Muñoz (2010) and Muñoz et al. (2014) was used (Figure  181 2). 182
The model includes a rainfall-runoff component that considers the watershed as a double 183 storage system: unsaturated (US) and saturated (SS). US represents the water stored in the 184 unsaturated soil layer as soil moisture and SS represents the water that covers the saturated 185 soil layer. The model needs two inputs: precipitation (PM) and potential evapotranspiration 186 (PET). The model output is the total runoff (ETOT) at the watershed outlet, and includes 187 both the groundwater contribution (ES) and surface runoff (EI), the amounts of which are 188 calculated through six calibration parameters, plus one for the precipitation modification. 189 Additionally, the model includes a snowmelt-runoff component that calculates the snowfall 190 (Psnow) based on precipitation above the 0 degree (base temperature at which liquid 191 precipitation starts) isotherm falling as snow. Psnow is stored in the snow storage system 192 (SN), from which the melting calculations are performed based on the concept of the 193 degree-day method (Rango and Martinec, 1995) . Thus, the potential melting (PSP) is 194 estimated, and then based on the snow stored, the actual melting (PS) is calculated. Then 195 PS is distributed into the rainfall-runoff model through the factor of snowmelt transference 196 F. Additionally, to consider the sub-monthly variability of the air temperature in the basin, 197 a factor of minimum snowmelt (DM), which is defined as a fraction of the snow stored in 198 the basin, is incorporated into the model. 10% models according to a predefined objective function (the Runoff Coefficient Error -219 ROCE). Based on prior experiences (Muñoz et al., 2014 , Pinto, 2014 , Toledo et al., 2015 , 220 10,000 simulations were performed using randomly selected parameter values (sampled 221 according to a uniform distribution) within the initial range defined in Table 1 . 222 Aimed at first ensuring the closure of the water balance, ROCE was used as objective 223 function (Eq.1). ROCE captures the overall accuracy of the water balance i) by combining 224 the flows into one characteristic hydrological descriptor, the mean annual runoff coefficient 225 (defined as Q/P), and ii) by minimizing the absolute difference between total measured and 226 simulated runoff. The absolute error in the runoff coefficient is then calculated as follows, 227
where the mean annual flow Q " and the mean annual precipitation P " are used for the 228 simulated (s) or observed (o) flows (van Werkhoven et al., 2009) , 229
After defining A (using ROCE), 10,000 new simulations were performed and parameter 231 values were estimated as the median of the best 10% behavioral models. To define the 232 behavioral models, the Nash-Sutcliffe Efficiency (NSE) was used, where models with NSE 233 values greater than 0.75 were considered as behavioral (Van Liew et al. (2005) classified 234 models with NSE over 0.75 as "good"). 235
In order to demonstrate the representativeness of the models and results, two periods with 236 available common data among basins were considered to carry out the analyses. Period 1, 237 from 1980 to 1987 (P1), and Period 2, from 1988 to 1994 (P2), were defined. In addition, a 238 cross validation was performed, i.e., P1 was used for calibration and P2 for validation, and 239 then P2 was used for calibration and P1 for validation. 240 To analyze the behavior of the basins, the annual precipitation distribution over the study 243 area and the monthly runoff per unit of area for each basin (q), so-called specific flow, were 244 plotted ( Figure 3) . Figure 3 shows that the Renegado River basin, which is located between 245 the Chillán and Diguillín rivers, yields much less specific flow (about 2 to 4 times less) 246 than its neighboring basins, even though they are in close proximity, appear to be similar 247 and, moreover, are driven by similar climatic patterns (Garreaud et al., 2009 , Pinto, 2014 . 248
4.-Results 241

Specific Flow Analysis 242
Additionally, the Diguillín River shows larger q values than the Chillán River for most of 249 the year (about 1 to 1.4 times more between April and November), although this 250 relationship is inverted in summer, when the Chillán River basin shows larger q values (1.1 251 to 1.4 times) than the Diguillín River basin (Figure 3.b) . 252
We expect basins with similar metrics to have similar runoff generation processes (Reed et 253 al., 2006 , Wagener et al., 2007 ; and therefore, similar specific discharge curves should be 254 expected. However, significant differences among basins can be noticed here. The specific 255 discharge curves provide insights into the main characteristics and the dominating 256 hydrological processes of the basins (and the system) that allow us to obtain and analyze 257 complementary information in order to redefine our conceptual model of the system. 258
A first line of evidence that may explain the observed behavior is related to aspects of 259 geology and morphology. The geology of the upper section of the Diguillín watershed is 260 described in detail by Dixon et al. (1999) , Sernageomin (2003) and Naranjo et al. (2008) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The volcanic structures that cover most of the system area were found to be highly 280 permeable. Navarro (2015) measured an infiltration capacity of the soil of 200 mm/hr at the 281 headwaters of the Renegado River basin. In addition, the described deposition sequence 282 caused the Renegado valley to be developed at higher altitudes than the Diguillín, and at 283 elevations similar to those of the Chillán River basin (Figure 4 ). This situation, combined 284 with permeable and fractured soil layers composed of lava deposits, favors the rapid 285 infiltration process but also gravitational movements of groundwater. Therefore, 286 groundwater likely moves from the Renegado to the Diguillín River basin gravitationally. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 2 shows the results of the modeling approach (model parameters) for each basin 296 modeled independently and for the system as a whole. Table 2 shows that factor A, which 297 ensures the closure of the water balance, is markedly different among the basins. Analyzing 298 each basin as an independent system, it is observed that for the Chillán and Diguillín river 299 basins, precipitation must be amplified by ~24-32% in order to close the water balance. On 300 the other hand, for the Renegado River basin, the results are the opposite, as precipitation 301 must be reduced by ~35-40% to achieve closure of the water balance. Additionally, if the 302 Chillán-Renegado-Diguillín system is assumed as a closed unit, precipitation must be 303 increased by ~14-20% (Table 2) . 304
To estimate interbasin groundwater flows, the mean annual precipitation of each basin and 305 of the system was multiplied by the mean value of A (considering the two calibration 306 periods). As result, a total of 2661 mm is received by the system while totals of 2802, 1487 307 and 3015 mm are received by the Chillán, Renegado and Diguillín basins, respectively. 308
Based on the differences with the system, and considering the proportions of volume to 309 basin area, the Diguillín and Chillán basins receive 355 and 141 mm, respectively, from the 310 Diguillín rivers to the springs documented by Arumí et al. (2014) . 314
It is important to point out that the modeling stage did not include glacier melt 315 contributions; therefore, the interbasin groundwater flows should actually be slightly 316 smaller for the Chillán River basin and higher for the Diguillín River downstream of the 317 junction with the Renegado River. 318 Table 2 shows that the highest C k values were obtained for the Renegado River basin, 319
suggesting that its groundwater system empties faster and thus varies more throughout the 320 year than those of the Diguillín and Chillán basins. On the other hand, the lowest C k values 321 were obtained for the Chillán basin, indicating that it is the most stable groundwater system 322 among the basins studied. C k values of the Renegado River basin indicate that its 323 groundwater system empties nearly twice as fast as the whole system. In addition, the C k 324 values for the Diguillín basin suggest that it empties slightly faster (1.2 to 1.3 times) than 325 the whole system, but that it also has more variability, which may be influenced by an 326 interbasin groundwater flow from the Renegado to the Diguillín basin. 327
Regarding the maximum surface runoff coefficient (C max ), the Diguillín basin shows the 328 highest values and the Renegado basin the lowest. These results suggest that the Diguillín 329
River basin tends to be more saturated and therefore higher runoff rates can be achieved. 330
Moreover, they suggest that the Renegado River basin tends to infiltrate more water; as a 331 consequence, the surface runoff is reduced. For the Chillán basin, C max values slightly 332 lower than those of the total system are observed. This result may be influenced by the 333 to the rest of the study area), favoring infiltration over surface runoff. In addition, the 335 Diguillín and Renegado basins show higher and lower C max values than the total system 336 respectively, suggesting that i) the Diguillín/Renegado basin generates more/less surface 337 runoff than the average of the study area (the system), and ii) in the Renegado River basin, 338 the infiltration process predominates in streamflow generation. 339
5.-Discussion 340
An initial (broad) review of the metrics of the three basins suggests that they are likely to 341 be similar. They are neighboring basins with similar climatic patterns and land cover and 342 the aerial view showed similar qualitative characteristics. In addition, the geology, from a 343 broad view can also be considered to be similar for the three basins, because it is dominated 344 by permeable volcanic material. Moreover, the effect of the glacier flows in summer can be 345 assumed to be negligible due to the small size observed in the land cover map (~1.5 km 2 , 346 which is around 0.75% of the area of the Chillán basin). Therefore, the three basins should 347 behave similarly and their hydrological processes are expected to be equivalent. 348
However, the review of the hydrological data showed that the basins behaved dissimilarly. 349
The Renegado River basin exhibited less specific flow than its neighboring basins, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 River. The geologic map indicates that soil layers in the Renegado River basin are highly 369 permeable, and the morphologic map shows differences in elevations among rivers (Figure  370 4). Therefore, gravitational movement of groundwater from the Renegado River to both the 371 Chillán and Diguillín river basins is plausible. 372
The connections described are in agreement with the geomorphological information and are 373 consistent with the water balance approach. Regarding the geology, permeable and 374 fractured soil layers favor rapid infiltration and gravitational water movements from the 375 Renegado River basin. Moreover, the deposition sequence caused the Renegado valley to 376 be formed at higher altitudes than the Diguillín and at elevations similar to the Chillán 377 Figure 4) . Therefore, it would be expected that more water is transferred to 378 the Diguillín River in comparison to the Chillán River basin. 379 Tóth (1963; 1999) and Sophocleous (2002) processes is shown in Figure 5 . 391
The finding of interbasin groundwater transfer has important implications for hydrology, 392 ecology and land-water management. For the Chillán-Renegado-Diguillín system, for 393 example, volcanic processes conditioned the geology and morphology, forming fractured 394 and permeable soil layers, but also forming valleys at different elevations within a few 395 kilometers. These conditions favor interbasin exchange and help to explain the differences 396 observed in the hydrology in three apparently similar basins. Interbasin groundwater flow 397 diminishes surface water discharge from basins in which interbasin groundwater flow 398 originates and increases discharge from those receiving this water (Genereux and Jordan, 399 2006) . This phenomenon coincides with the observed behavior in the Chillán-Renegado-400 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Región del Biobío (Geology of the volcanic complex Nevados del Chillán). Carta Geológica 521
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-H crit and ER 0 -100 C k -S u b t e r r a n e a n r u n o f f c o e f f i c i e n t . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
